The basic morphological aspects of auditory cortex organization in different orders of eutherian mammals are considered in the present review. The modern data describing a partitioning of mammalian auditory cortex into subfields are presented. A detailed observation of the structural organization of primary auditory cortex is given, as well as a review of recent morphological data about secondary auditory areas. Another section describes the system of auditory cortical projections. The data are considered from the perspective of possible homologies existing between the auditory cortices in different mammalian species.
Preface
At present, there are extensive data about the morphological structure of the mammalian auditory cortex obtained in numerous studies with different experimental approaches and methods [1] - [20] . The set of experimental objects used in this research is large. Despite this, information about partitioning of the auditory cortex into separate sub-regions and about its connectivity among different mammalian orders has not been summarized in detail. Our review aims to systematically present the available data about the structural organization and connectivity of the auditory cortex in eutherian mammals.
The first part of this review contains a detailed description of the auditory fields' disposition in the temporal lobe of the neocortex among a significant number of mammalian species. The common scheme of the auditory cortex spatial organization initially proposed by Woolsey and Walzl (1942) for cats [21] and later applied to other animals [2] - [20] [22] [23] [24] was used as a framework for the present review. For each mammalian order, we separately describe primary and secondary auditory fields as well as the auditory parabelt, their disposition within the auditory cortex, tonotopic organization and the relative size of these areas.
The second chapter presents data on the connectivity patterns of the auditory cortex. First, we focused on the projection system of the cat auditory cortex, which is the most studied among all eutherians. Second, we observed connections in the auditory cortex regarding their source contributions to the total volume of the auditory cortical projections.
In both chapters, we focused on basic aspects of auditory cortical structure in the mammalian phylogenetic tree rather than on their functional organization.
The data systematised here provide a necessary base for an in-depth analysis of acoustic information processing in the auditory cortex and for an integrative scheme of sound encoding by the brain's auditory centres.
Introduction
The neocortical temporal lobe, which receives large inputs from the thalamic medial geniculate body (MGB) and contains neurons responding to acoustic stimulation, is generally classified as the auditory cortex [25] . A number of anatomical, physiological and behavioural studies, some of which were performed over 100 years ago, repeatedly showed that the auditory cortex is a complex structure consisting of several fields [26] [27] [28] [29] . These fields can be distinguished on the basis of their cytoarchitectonics, connectivity, functional mapping and neuronal processing. Systematic studies of the auditory cortex's functional organization began in 1942 with a study by Woolsey and Walzl in which the authors mapped a distribution of the slow-wave evoked potentials in the ectosylvian region of the cat cerebral cortex under local electrical stimulation of the auditory nerve fibres in a cochlear labyrinth [6] . The topography of frequency representation (i.e., its high-ordered spatial distribution within the auditory cortex) was shown by Woolsey and Walzl for the first time. Based on the results of evoked potential recordings in the cat auditory cortex [21] [22] [23] , its cytoarchitectonic analysis [30] and MGB retrograde degenerations evoked by local lesions of auditory cortical areas [31] [32], Woolsey suggested a scheme of the cat auditory cortex's organization ( Figure 1 ).
In accordance with this scheme, the auditory cortical area was divided into a primary auditory field (A1) and several other fields surrounding A1. Woolsey adapted the model of cat auditory cortex to other mammals, especially to primates [33] [34] [35] [36] .
Currently, subdividing the auditory cortex into separate fields is a foundation for the description of its structural organization. As a rule, the auditory cortex contains a primary auditory field (core) that is surrounded by the auditory belt and parabelt. Primary auditory fields belong to granular neocortex with
Subdividing the Auditory Cortex into Fields in Different Mammalian Orders
It was shown in numerous studies of the auditory cortex in eutherian mammals over the last 50 years that all of the studied animals had auditory cortices consisting of several separate auditory fields [2] - [20] [22] [23] [24] . The number of fields increases with the evolutionary development from 2 in insectivores to 4 -7 in rodents and from 6 to more than 8 in carnivores and primates, respectively [41] . This is related to the increase in the relative size of cerebral cortex in different mammalian orders. The only exception is marsupial mammals, for which only the primary auditory field has been shown [42] [43].
Auditory Cortical Fields in Insectivores
Among different insectivore species, the auditory cortex has been studied in hedgehogs and shrews. The auditory cortex of the long-eared hedgehog (Hemiechinus auritus) is located in a lateral part of the medial temporal lobe, medial to sulcus olfactorius [44] . The primary auditory cortex boundaries in this animal were defined by electrophysiological recordings of single neurons and by labelling with horse-radish peroxidase of MGB projections to the auditory cortex.
Recordings of the neuronal responses evoked by tonal stimuli revealed the spatial distribution of frequency representations within the primary auditory cortex, with high frequencies located caudally and low frequencies located rostrally.
Another auditory area was found caudal to the primary auditory field. Neurons in this area responded to sounds, but ordered distribution of frequencies was not shown [44] .
In the east-African hedgehog (Atelerix albiventris), the primary auditory field (A1) was defined in a caudolateral region of neocortex [45] [46] . Sound-evoked responses were also recorded in the secondary somatosensory (S2) and parie-G. Khorunzhii, M. Egorova Journal of Behavioral and Brain Science tal-ventral (PV) cortical areas bordering the auditory cortex of this animal [45] [46].
In the northern short-tailed shrew (Blarina brevicauda), the auditory cortex was found in an extremely caudolateral part of the neocortex. The properties of single cells in the shrew auditory cortex remain poorly studied [46] .
The Auditory Cortical Fields in Carnivores
Woolsey defined four tonotopic (or cochleotopic) fields in the cat auditory cortex containing a representation of the whole frequency range of a cat's hearing:
the primary auditory field (A1), secondary auditory field (A2), posterior ectosylvian field (EP) and suprasylvian peripheral field (SF) (Figure 1 ) [21] [22] [23] .
Woolsey also included in the cat auditory cortex a temporal auditory field (T) similar to the field A3 in the dog's auditory cortex [7] , insular region (Ins) [47] and associative cortex, which were studied in detail by Thompson and Sindberg (1960) [48] (Figure 1 ). Auditory evoked potentials were also recorded in the precentral motor cortex ( Figure 1 ) and visual cortex [25] . Further data from electrophysiological mapping of the cat auditory cortex [9] [49] [50] [51] slightly modified the original Woolsey's scheme, bringing it to the present state ( Figure   2 ). Thus, the A1 location defined by Woolsey and Walzl did not change dramatically. Another full frequency representation was revealed rostrally to the A1 in the region of the anterior ectosylvian gyrus, which was first mapped by Woolsey as part of the suprasylvian peripheral region. This area was mapped in more detail by Knight (1977) [52] as well as by Reale and Imig (1980) [9] , who named it the anterior auditory field (AAF) (Figure 2 ). Aside from these two primary fields, two other tonotopically organized auditory areas were related with the core regions of the cat auditory cortex, the posterior (P) and ventropos- Around the same time that Woolsey and colleagues studied the cat auditory cortex, a similar cortical area in dogs was mapped by Tunturi [7] . By recording auditory evoked potentials, he noticed responses to sounds in four cortical areas.
These areas were named the posterior ectosylvian field (PES), medial ectosylvian field (MES), anterior ectosylvian field (AES) and tertiary auditory field (A3) [7] .
A full tonotopic map of frequencies occurred in the MES cortical area. Evidence for an ordered frequency representation was also obtained in AES located rostrally to MES similar to the relative disposition between AAF and A1 in cats. PES in dogs occupies the same cortical area as EP in the cat auditory cortex, and the A3 field in the dog cortex corresponds to the temporal auditory field (Te) in cats.
In the ferret auditory cortex studied by autoradiography [54] and neuronal activity recordings under sound stimulation [18] [55] [56] [57] [58] , three distinct areas were revealed near the medial ectosylvian gyrus. The first of them is the medial ectosylvian gyrus (MEG), which is identified as a primary auditory cortex. Within this area, two tonotopically organized auditory fields were described, A1 and AAF [18] [58] . The second area is located in the anterior ectosylvian gyrus and includes anterior ventral (AVF) and anterior dorsal (ADF) auditory fields [18] [58] . The last large auditory area was found in the posterior ectosylvian gyrus, which includes posterior pseudosylvian field (PPF) and posterior suprasylvian field (PSF) [18] [57] [58] . PPF and PSF are tonotopically organized. In AVF and ADF, the tonotopy was not shown [18] [58].
Auditory Cortical Fields in Rodents
The auditory cortex in rodents has long attracted much attention from neurobiologists. Considerable data about its anatomical structure, its subdivision into separate fields, frequency organization and cellular physiology have been obtained. To date, the auditory cortex has been studied in rats [4] [87] . In all studied rodent species, primary and secondary auditory cortical fields were found. The number of auditory cortical fields varies among different rodent species.
In the house mouse auditory cortex (Figure 3 (a) and Figure 3 (b)), three primary auditory fields (primary auditory field (A1), anterior auditory field (AAF), ultrasound field (UF)) and two secondary auditory fields (dorsoposterior field (DP) and secondary auditory field (A2)) were defined [12] [70] . Two core fields are tonotopically organized, A1 and AAF (located rostrally to A1). UF is located dorsorostrally to A1. The dorsocaudal border of A1 is adjacent to the DP field.
The ventral border of A1 flanks A2 (Figure 3 The rat auditory cortex contains at least four primary auditory fields: A1 and AAF, which are typical for most rodents, and also suprarhinal auditory field (SRAF) and posterior auditory field (PAF) [63] [91] [92] [93] . In addition, Profant and colleagues referred to an area in the rat primary auditory cortex as "unspecific auditory region" (UR) [93] . The primary auditory cortex is surrounded by a number of secondary fields localized in the temporal cortical areas Te2 and Te3 [62] [93] [94] .
In the auditory cortex of the Mongolian gerbil, seven fields were identified [12] [95] [96] [97] . Two of them demonstrated strong tonotopy and, similar to the mouse auditory cortex, were named the primary auditory field (A1) and anterior auditory field (AAF), with AAF located more rostrally. Primary auditory fields were surrounded by several secondary areas named the ventral (V), ventroposterior (VP), dorsoposterior (DP), anterior-ventral (AV) and dorsal (D) auditory fields.
In the auditory cortex of the guinea pig, at least two tonotopically organized primary fields were identified, the anterior auditory field (A) and dorsocaudal field (DC) [10] [77] [78] . Mutual arrangement of these fields corresponds to the disposition of A1 and AAF in murine rodents. Aside from these two primary fields, a tonotopically organized small core auditory field (S) was defined by Redies and colleagues [10] as positioned rostrally to A1. In a cortical region surrounding the guinea pig primary auditory cortex, four secondary fields were described: secondary dorsocaudal (DCB), secondary ventrocaudal (VCB), secondary dorsal-rostral (DRB) and secondary ventral-rostral (VRB) fields [14] [78] . Furthermore, based on differences in neuronal response latencies, Horikawa and Journal of Behavioral and Brain Science colleagues proposed to subdivide the secondary auditory cortex of guinea pigs into eight separate fields [80] .
In the grey squirrel, a region of the temporal cortex responding to acoustic stimuli was separated in a similar manner to other rodents into subregions on the basis of their physiological and cytoarchitectonic properties [82] [83] [84] .
One of these subregions, containing the full map of frequency representations, was considered by Merzenich and colleagues to be homologous to the A1 field of the cat and primates [85] . In the rostral field (R) located rostrally to A1, tonotopy was also shown [86] . Among secondary auditory fields in the grey squirrel, up to seven separate belt fields are identified [87] .
In the auditory cortical area of the chinchilla, three tonotopically organized fields are described: A1, AAF (located rostrally to A1) and the secondary field (A2) located ventrally to the core areas [85] [86] [87] . Organization of the auditory belt areas in the chinchilla cortex remains unclear.
Auditory Cortical Fields in Chiropterans
Chiropterans are one of the most acoustically specialized mammalian orders.
These animals have highly efficient acoustic sensory channels both for communication (i.e., for the processing of species-specific vocalizations) and for orien- [119] . Specific cortical organization in these animals is conditioned by its specialization to the processing of orientation calls, emitted by the bat itself during hunting, and orientation call reflections from multiple obstacles (i.e., echo signal). The temporal lobes of chiropterans are distinguished by their size among all neocortical formations. Their relative size in bats is much larger than in all other mammalian orders, which is directly related to the overrepresentation of the auditory system at the cortical level in these animals [102] [114] [120] .
In the auditory cortex of insectivore bats, the primary auditory field (A1) contains several tonotopic areas. These areas have disproportionately large frequency representations of the orientation call, echo signal and the frequency ratios between them [101] [126] . Anterior and posterior regions of A1 in the mustached bat and the central area DSCF located between them (famous for its concentric tonotopic structure) could be referred to as A1 "subfields" [109] [122] . The A1 is surrounded by several other auditory cortical areas involved in target movement processing. Tonotopy has not been shown in these fields [109] [122] [123] [124] . It is notable that the identification of different auditory cortical areas in bats was based rather on their functional specialization in echolocation than on the separation into primary and secondary areas.
Auditory Cortical Fields in Other Mammalian Species
In the rabbit auditory cortex, two primary auditory fields were identified: a large primary auditory field (A1) and a smaller secondary area located anterio-dorsally to A1 [35] [127] [128] . The auditory parabelt in primates is identified ventrally to the secondary auditory fields near the superior temporal gyrus (STG, Figure 5 ) [40] [138] [139] [140] . The localization of STG borders wasn't clearly identified due to the absence of clear architectonical differences between the auditory belt and parabelt as well as the lack of detailed information about neuronal response properties G. Khorunzhii, M. Egorova Figure 5 . The scheme of macaque brain left hemisphere, demonstrating the location and intrinsic connections of auditory cortical fields [140] . The dorsal bank of lateral sulcus is removed to make available the superior temporal cortical zone (i.e. the ventral fringe of lateral sulcus). The floor and the outer bank of circular sulcus are smoothed to show the auditory fields located medially. The auditory core is filled by dark grey. AI-primary auditory field, R-rostral field, RT-rostrotemporal field. The auditory belt is shown by light grey filling. CM-caudomedial belt, CL-caudolateral belt, ML-medium lateral belt, AL-anterolateral belt, RTL-rostrotemporolateral belt, RTM-rostrotemporomedial belt, RM-rostromedial secondary auditory area. The auditory parabelt is not colored. The parabelt area occupies the surface of superior temporal gyrus (STG), exposed on this scheme, and consists of rostral parabelt (RP) and caudal parabelt (CP). The core fields are projecting to the surrounding auditory belt (the direction of their efferents is indicated by arrows). The inputs, received by parabelt from lateral and medial auditory belt, are also shown by arrows. Connections, occurring between auditory parabelt and secondary belt areas, located medially, are not illustrated to maintain the clarity of the scheme. The frequency gradients are indicated by characters H (high frequencies) and L (low frequencies). Abbreviations: PS-principal sulcus; AS-arcuate sulcus; CS-central sulcus; IPS-interparietal sulcus; LuS-lunate sulcus; STS-superior temporal sulcus; LS-lateral sulcus; CiS-circular sulcus; INS-insular cortex. in these areas. Hackett and colleagues subdivided the auditory parabelt into rostral (RP) and caudal (CP) subregions due to differences in connectivity of these areas [154] . The main part of the rostral parabelt projects to the rostral secondary auditory fields, whereas the connections of caudal parabelt were concentrated in the caudal region of secondary auditory cortex. However, there were not clear differences found in the connectivity of these two parabelt areas [40] , [147] .
Connectivity of the Auditory Cortex
The auditory cortical fields are connected with a number of subcortical structures by thalamocortical, corticothalamic, corticotectal and corticopontic path-Journal of Behavioral and Brain Science ways, and also with other fields of the auditory cortex by corticocortical fibres.
The methods of retrograde degeneration and tracer injections (i.e., the injection of fluorescent and radioactive labels or labelling by horse-radish peroxidase) were used for identifying pathways. Early studies of cat and primate auditory cortices included only tracer injections and weren't combined with electrophysiological mapping of the auditory cortex. Thus, the axonal terminals distribution in cortical fields and their functional maps couldn't be obtained in these studies [155] - [163] . Later, simultaneous auditory cortex electrophysiological mapping and anatomical connectivity studies in a single animal were performed.
This approach revealed that both the set and the spatial distribution of afferent and efferent projections in the auditory cortex strictly correlated with the functional organization of the auditory cortex and with the properties of synaptic terminals of cortical neurons. A combination of auditory cortex microelectrode mapping and morphological studies of the auditory cortical field projections to thalamus [17] properties of this connected system. First, auditory cortical connections are a highly-ordered cochleotopic system. Neurons tuned to similar characteristic frequencies (CFs) are strictly (often reciprocally) connected to each other forming a common network, whereas neurons responding to different CFs remain relatively isolated from each other. Second, the auditory cortical projections are both highly convergent pathways and highly divergent ones [25] .
Primary Auditory Cortex Connections
The system of primary auditory cortex afferents and efferents is well-studied [17] [173] [179] . The scheme of the cat auditory cortex afferent projections is presented in Figure 6 .
Thalamic Projections to the Primary Auditory Cortex
Studies of thalamic inputs to the auditory cortex showed that all primary auditory fields receive inputs from MGB [17] [167] [168] [179] . As mentioned above, A1 and AAF get direct inputs from the ventral MGB [17] [168] [179] . Lee and colleagues used retrograde tracing methods to label neurons in the cat A1 and AAF receiving afferents from ventral MGB and thalamic sources of these projections. The data showed that less than 2% of neurons were double-labelled in this study [17] , which means that most MGB neurons project to A1 and AFF independently of each other. This independence of the thalamic afferents of primary auditory fields assumes that A1 and AAF neurons tune to similar sound frequencies, and the MGB units projecting to these fields are parts of two parallel thalamocortical systems of connections providing acoustic information transfer to the integrative auditory centres [17] [179] . The projections from tonotopically organized ventral MGB account for more than 80% of A1 thalamic afferents [179] . AAF essentially differs from A1 in the organization of its thalamic G. Khorunzhii, M. Egorova Journal of Behavioral and Brain Science Figure 6 . The main afferent projections received by the cat AI and AAF, rising from thalamic nuclei and cortical areas. The difference between AI and AAF in the set of their afferents is shown. Cortical sources of primary AC afferents are: ventroposterior auditory field (VP), posterior auditory field (P), secondary auditory field (AII), perirhinal cortex (PRh), cingular cortex (Cg) and auditory dorsal zone (DZ). Thalamic nuclei, projecting to the primary AC, are: ventral MGB (V), medial MGB (M), dorsal MGB (D) and MGB rostral pole (RP, the lateral part of thalamic nuclei posterior group). The area of each contour is proportional to the relative strength of the projections from each of thalamic or cortical source. Dashed lines divide projection sources (thalamus, ipsilateral cortex, contralateral cortex). AI is shown by grey filling. Modified from: [179] . afferents ( Figure 6 ). About 75% of the AAF projections come from tonotopically organized ventral and rostral MGB regions, which are also called the lateral part of caudal thalamic nuclei [180] . A quarter of thalamic inputs to AAF are formed by projections from dorsal and medial MGB regions, where ordered tonotopy wasn't found [17] . It seems that the differences in thalamic afferentation found between A1 and AAF partially explain the different neuronal properties, which was revealed in these fields by Imaizumi and colleagues [179] [181] .
The organization of thalamic inputs to the primary auditory cortex in mice was studied by using different types of retrograde tracers such as biotinylated dextran amine (BDA) and Alexa fluor-conjugated cholera toxin B subunit (CTB) [90] [182] [183] . The data obtained in these studies showed that A1 receives thalamic inputs mainly from the middle part of the ventral MGB region, whereas DM receives projections from the rostral compartment of the ventral MGB region [90] [183] . Tsukano and colleagues also reported that the ventral MGB neurons projecting to A1 were distributed along the dorsoventral axis, while the ventral MGB neurons projecting to the DM were topographically distributed along the ventrolateral-dorsomedial axis [90] . Horie and colleagues injected BDA into different parts of the mouse AAF in regard to previously identified tonotopic organization of this field and showed that the majority of labelled MGB neurons were located in the medial compartment of ventral MGB [183] . They also reported that neurons of the ventral MGB region projecting to the AAF were located along the mediolateral axis differing from the units projecting to the A1, which were distributed along the dorsoventral axis [183] .
Corticocortical Projections in Primary Auditory Fields
Except the ascending projections from brainstem structures, A1 and AAF re-Journal of Behavioral and Brain Science ceive various excitatory and inhibitory afferent inputs from other cortical regions including secondary auditory fields, sensory cortices of other modalities, associative areas and limbic cortex [17] [53] [179] [184] . In cats, strong projections to A1 and AAF from both ipsilateral and contralateral P, VP and A2 areas were shown [17] (Figure 6 ). It was found that the ipsilateral DZ in the cat auditory cortex is reciprocally connected with A1 [53] [179] (Figure 6 ). Shmigidina revealed the direct projections connecting rat primary auditory cortical area with both rostral and caudal regions of cingular cortex [175] (Figure 6 ). In addition, the vast afferent inputs to the rat AAF from perirhinal cortex, which is probably involved in learning and memory, were described by Lindquist and colleagues [185] (Figure 6 ).
The neurons in A1 and AAF receive strong afferents from the corresponding areas of the contralateral hemisphere, with the A1 units mainly projecting to the contralateral A1, and AAF neurons projecting their afferents to the contralateral AAF [17] (Figure 6 ). The evidence of high-ordered spatial distribution of connections within the auditory cortex was first obtained in a study of the cat auditory cortex, which showed that the electrical stimulation of certain cortical regions in one field evoked the response in a restricted area of another field [186] . Later, the organization of the main corticocortical pathways was studied in detail by electrophysiological recordings of sound-evoked single neurons' responses followed by the labelling of studied projections [176] [177]. Imig and Brugge electrophysiologically mapped large regions of cat A1, AAF, P and A2 simultaneously by injecting small amounts of the radioactive labelled proline in A1 along the 7.5 kHz isofrequency contour. After injection, the radioactive label was found in AAF and P regions with neurons tuned to 7.5 kHz [176] . These results revealed two properties of corticocortical auditory pathways. First, corticocortical connections are topographic-A1 neurons address their projections to the AAF and P units tuned to similar CFs. Second, corticocortical projections are divergent. A single injection of a small amount of radioactive proline in A1 was followed by the axons' labelling along the whole length of the isofrequency contour.
In another study, small doses of labelled proline were injected into the AAF and P regions in which the preliminary electrophysiological mapping of neuronal frequency tuning was performed. In both cases, the non-homogeneous distribution of the AAF and P projections occurred only in certain zones of the A1 field where the representations of corresponding frequencies were located. The clearly non-homogeneous distribution of corticocortical connections was shown after the injection of significant doses of labelled proline into the contralateral A1 [25] .
Bizley and colleagues studied in detail the set and spatial distribution of corticocortical projections in different auditory cortical fields of ferrets [58] . AAF. In addition, Bizley and colleagues reported that A1 neurons are mainly projected to the belt areas in the posterior ectosylvian gyrus, whereas the AAF units project to the secondary auditory areas located close to both caudal and rostral ectosylvian gyrus [58] . Based on the differences obtained for the A1 and AAF projections to other auditory fields of ferret cortex, it was suggested that there are two independent pathways of acoustic information processing. A1 is involved with one of them, and AAF is involved with another [17] [58].
Internal Connections within the Primary Auditory Fields
Primary auditory cortex neurons are connected with each other by a set of internal pathways, and distribution within the primary fields corresponds to their tonotopic organization. Labelling of internal connections in the cat A1 with horse-radish peroxidase showed that the majority of labelled fibres were observed along the isofrequency contours [187] [188] . In addition, neurons of cat A1 located in the medial ectosylvian gyrus had branched dendrites oriented along the dorsoventral axis [187] .
Anatomical studies of the primary auditory cortex cellular structure and cortical external and internal connectivity showed that, in addition to the horizontal ordering of the auditory cortex structure (i.e., cortical layers), there is a high-ordered vertical system of cortical neurons from all layers which are combined into vertically oriented groups of cells [161] . The vertically-oriented cellular group with weak horizontal connectivity consisting of cells from different cortical layers interconnected by vast projections along the vertical axis was named a "vertical column of neocortex". The term "column" at the first time was used by von Economo and Koskinas for the definition of the vertical rows of neocortical cells [189] . Lorento de No first suggested the vertical model of neocortical organization based on the results of his own study of interneuronal connectivity within the neocortex made by the Golgi method of tissue staining [190] . Vertical columns are shown for a wide variety of neocortical areas and therefore are the universal principle of cerebral cortex structural organization.
The results of many electrophysiological experiments have shown that the vertical cellular column is a main functional unit in the auditory cortex underlying the importance of columnar organization studies for understanding the mechanisms of acoustic information cortical processing [99] [135] [191] [192] . It seems more reasonable to consider in greater detail the morpho-functional organization of cortical columns as functional units of primary and secondary auditory fields when describing a functional organization of these areas.
Corticotectal Projections
The results of studies of interconnections between the cat auditory cortex and auditory midbrain [164] [193] closely correspond to the data obtained in later studies of corticotectal connectivity in different animals [169] [195] . Corticotectal pathways are both divergent and convergent as well as strictly tonotopically organized. These projections most likely start from Journal of Behavioral and Brain Science the VI layer of neocortex [173] . It was shown in a cat [196] [197] and several species of rodents (guinea pig [169] [173], rat [194] [198] , gerbil [199] and mouse [200] ) that the A1 efferents project to the dorsomedial region of the ipsilateral inferior colliculus in the same way as in primates [8] . The contralateral inferior colliculus central nucleus (ICC) also receives inputs from A1, but they are weaker than ipsilateral ones [8] . The important property of the corticotectal connectivity system is the highly-ordered spatial distribution of projections corresponding to tonotopic organization observed in A1 and ICC.
Ultrasound Field Connections
The primary auditory cortex area containing neurons sensible to ultrasound was first observed in the auditory cortex of the echolocating mustached bat. This area was named the DSCF region. Neurons in this region were tuned to the second harmonic of the echo-signal (i.e., to frequencies of about 61 kHz) [101] [104] [114] .
The areas of the mustached bat auditory cortex containing neurons tuned to high sound frequencies, especially regions specialized to the processing of the location call harmonic component (so-called CF-CF area), have an enormous set of afferents originating from different structures [201] . Namely, the CF-CF area receives afferent inputs from several subdivisions of MGB, the thalamic part of the reticular formation, striatum, pontine nuclei and claustrum as well as weaker inputs from both the inferior and superior colliculi, periaqueductal grey, pretectal region, intralaminar thalamic nuclei and the frontal lobe of the neocortex. In addition, connections of this area with other auditory cortical fields were shown-for example, with the FM-FM area specialized to analysis of frequency-modulated components of location call and with contralateral the CF-CF area [201] . In other chiropterans, connectivity in the auditory cortex ultrasound fields is poorly studied.
The second experimental subject using ultrasounds channel for communication with natural environments is the house mouse. UF of the mouse auditory cortex receives a large set of afferent projections. Most of them are inputs from the ipsilateral and contralateral MGB, ipsilateral primary and secondary auditory cortex and afferents from the contralateral UF field [69] . Furthermore, the weak efferent projections from sensory cortical areas of other modalities (e.g., somatosensory cortex) and from dorsal associative cortex are also addressed to the mouse UF [69] .
Secondary Auditory Cortex Connections
As mentioned above, the set of afferent inputs to secondary auditory fields along with their cytoarchitectonics are the main criteria by which the auditory belt areas are distinguished from the core and parabelt areas. Connections of the secondary auditory fields differ in diffuse spatial distribution and in a high diversity of their sources.
The study of the auditory belt afferents in cats showed that its P and VP fields Furthermore, it was shown that the auditory belt areas are connected with the primary auditory fields, associative cortex, limbic cortical area and with each other by vast corticocortical projections [184] . Thus, the cat A2 field receives large afferent inputs from all tonotopically organized primary auditory areas, weak projections from P and inputs from temporal and insulate areas of limbic cortex. The P field receives inputs from A1, AAF and VP as well as weak and diffuse projections from A2, DZ, temporal and insulate cortex and from the posterior ectosylvian gyrus [184] . It is noteworthy that in cats, the strongest connections between the primary and secondary auditory cortex were described for tonotopically organized primary and secondary areas, which are likely interconnected by the powerful system of reciprocal projections [17] .
Corticostriatal Connections
Reale and Imig in 1983 determined the set and distribution of projections addressed by different areas of cat auditory cortex (A1, AAF, P and VP) to basal ganglia [188] . They showed that A1 and AAF neurons representing all frequency ranges of cats' hearing project to dorsal striatum regions (i.e., to caudate nucleus and putamen). Efferents of the P field were observed in the caudate nucleus, putamen and amygdala lateral nucleus. Neurons tuned to low and middle frequencies sent their axons to the caudate nucleus. Neurons tuned to high and middle frequencies addressed their projections to the amygdala lateral nucleus. The axons of neurons responding to all sound frequencies presented in the P field were addressed to the putamen. Projections of the VP field represented the whole frequency range of VP. They terminated on neurons of the ventral putamen and the amygdala lateral nucleus. There were not any axons of VP neurons found in the caudate nucleus [188] .
Conclusion
In summary, based on the analysis of the auditory cortical fields' structure in different mammalian species, we obviously can argue about common principles of their organization in studied animals. At the same time, the diversity of topographical features and numbers of the auditory cortical fields has been shown even in closely-related mammalian taxa. This diversity might occur due to the imperfection in criteria used for separate auditory field definitions as well as the high plasticity of neocortical neurons.
